Melatonin is an animal hormone that regulates photoperiodic reactions in many vertebrates. Its level is usually higher at night, and the duration of elevated melatonin levels is proportional to the length of the night, thus giving information about day length. We have previously identified melatonin in the dicotyledonous plant Chenopodium rubrum. We compared melatonin daily profiles in C. rubrum shoots when given three different photoperiodic regimes with 8 h, 12 h, and 16 h of darkness. As in vertebrates, melatonin levels reached its maximum at night, but the duration of elevated melatonin content did not change with the photoperiod. The maximum melatonin content occurred at later times after lights off as night length increased, but always 6 h before lights on in all light/dark cycles. These results indicate differences in the regulation of melatonin levels between vertebrates and higher plants. We suggest that the timing of melatonin maximum relative to lights off may provide photoperiodic information for C. rubrum.
Introduction
Melatonin (5-methoxy-N-acetyltryptamine) is a hormone that regulates daily (circadian) rhythms and photoperiodism mainly * E-mail corresponding author: machackova@ueb.cas.cz in vertebrates, but it also occurs in invertebrates (Hardeland and Fuhrberg 1996) . In most species, melatonin levels are high at night. The duration of elevated melatonin levels is usually proportional to night length in vertebrates. Melatonin concentration and its daily rhythm can thus inform the organism about the time of day and about the season (see Reiter 1993 for review). 0176-1617/01/158/11-1491 $ 15.00/0 Karel Wolf et al.
Thanks to its molecular structure, melatonin reacts with free radicals, thus it may function as a radical scavenger both in animals and in plants . Melatonin may contribute to photoprotection in plants, especially in those species containing large quantities of photocatalytically active substances. Moreover, melatonin may play this specific role in seeds, in which it could prevent peroxidation of storage lipids (Hardeland et al. 1995) . Poeggeler et al. (1991) found melatonin in the dinoflagellate Gonyaulax polyedra, where it is also synthesized mainly at night and affects photoperiodic induction of cyst formation . Dubbels et al. (1995) later identified melatonin in several higher plants. We have previously found melatonin in the short-day dicotyledonous plant Chenopodium rubrum (Kolář et al. 1997 ). Here we present daily profiles of melatonin in C. rubrum shoots in different photoperiods and compare them with those in animals to assess whether melatonin might also convey photoperiodic information in higher plants.
Materials and Methods

Plant cultivation
Seeds of Chenopodium rubrum L., ecotype 374 were sown onto wet gardening substrate and germinated according to this regime: 12 h light at 30˚C, 12 h darkness at 10˚C, 24 h light at 30˚C, and 5 days light at 20˚C. Plants were transferred into 7 × 10-cm pots (12 plantlets per pot) and cultivated in continuous cool-white fluorescent light (40 W · m -2 ) at 20˚C. Beginning at the age of 25 days, plants were exposed to corresponding light/dark (LD) regimes (LD 16 : 8, LD 12 : 12, or LD 8 : 16) for 5 days. Shoots were harvested during the last LD cycle, frozen in liquid N 2 , and stored at -75˚C. Dim green light was used for sampling in darkness.
Extraction and purification
Plant tissue (5 g) was ground in liquid N 2 and homogenized in 15 mL of 1 mol/L Tris-HCl buffer, pH 8.4 and 15 mL of 0.4 mol/L HClO 4 (containing 0.1 % Na 2 EDTA, 0.05 % Na 2 S 2 O 5 , and 10 mmol/L ascorbic acid). [Methoxy-2 H 3 ]melatonin (10 pmol) (prepared by J. Hanuš) was added as an internal standard. Samples were extracted on an orbital shaker (1 h, 4˚C), centrifuged (12,000 ×g, 15 min, 4˚C), and the pellet was resuspended in 4 mL of 1 mol/L Tris-HCl, pH 8.4 and centrifuged (12,000 ×g, 10 min, 4˚C). The supernatant was passed through two C18 cartridges in series (Sep-Pak Plus, Waters), which were then rinsed with 10 mL of 1 mol/L Tris-HCl (pH 8.4), 7.5 mL of H 2 O, and 7.5 mL of 20 % methanol. Adsorbed melatonin was eluted with 5 mL of methanol. The eluate was then diluted to 75 % methanol with H 2 O, passed through another C18 cartridge, and evaporated in vacuo. All steps were done in a darkened room, with solutions kept on ice to minimize melatonin degradation. Each sample was dissolved in 100 µL of methanol, then diluted with 400 µL of H 2 O and 500 µL of PBS (50 mmol/L NaH 2 PO 4 /Na 2 HPO 4 , 150 mmol/L NaCl, 15 mmol/L NaN 3 , pH 7.4) and passed through a preimmune column (0.5 mL of Affi-gel 10, Bio-Rad). Each sample was then passed through an immunoaffinity column (0.5 mL of Affi-gel 10 with bound polyclonal rabbit antibodies against melatonin; prepared by J. Rolčík) 9 times. The column was then rinsed with 0.5 mL of PBS and 9 mL of H 2 O and melatonin eluted with 3 mL of -20˚C methanol. Eluates were evaporated in vacuo.
Melatonin quantification by capillary column switching LC/MS
Analyses were performed using a hyphenated capillary columnswitching LC-MS system consisting of a capillary HPLC unit (Waters CapLC, Waters Corporation) linked with an electrospray ionization source to a triple quadrupole MS (QuattroII, Micromass Ltd.). Dried samples were resuspended in 50 µL of mobile phase A (0.1 % HCOOH, 1% CH 3 CN, 98.9 % H 2 O). Aliquots of 20 µL were introduced into the first dimension of the LC system containing a micro pre-column (0.5 mm I.D. × 5 mm, Hypersil C18 BDS, 3 µm particle size, LCPackings) using mobile phase A at 35 µL · min -1 . The melatonin sample was trapped on the pre-column and rinsed for three minutes in order to desalt the sample. Afterwards, the column was switched in line with the analytical column (0.3 mm I.D. × 150 mm, Hypersil C18 BDS, 3 µmol/L particle size, LCPackings) and was eluted using mobile phase B (0.1 % HCOOH, 30 % CH 3 CN, 69.9 % H 2 O). Ion chromatograms were recorded in positive ionization mode using multiple react- ant monitoring. Two diagnostic transitions were used: 233 >174 and 233 > 216 for the endogenous melatonin and 236 >177 and 236 > 219 for deuterated melatonin. The ion chromatograms were interpreted and the peak areas were calculated using software Masslynx (Micromass Ltd.).
Results and Discussion
We compared melatonin daily profiles in C. rubrum shoots in three different light/dark regimes -LD 16 : 8, LD 12 : 12, and LD 8 : 16 (Fig. 1) . The levels peaked during darkness in all LD regimes (up to 100 pg/g fresh weight) and declined before lights on. Melatonin levels increased moderately immediately before the end of night in LD 8 : 16 (the significance of this event is presently not clear). The time of maximal melatonin content in LD 16 : 8, LD 12 : 12, and LD 8 : 16 was 2, 6, and 10 h after lights off, respectively.
High melatonin levels at night resemble the typical daily profile in animals. The decline of melatonin concentration well before dawn indicates that melatonin synthesis is not directly light-regulated but may exhibit an endogenous (circadian) daily rhythm as in animals. But in contrast to most vertebrates, the duration of high melatonin content does not change with night length. Instead, melatonin maximum is reached at progressively later phases after lights off as the night length increases. From a different point of view, this maximum always occurs 6 hours before lights on. This is consistent with circadian control of melatonin levels. Some circadian rhythms have their phase tied to a specific point of the LD cycle; for instance, activity of some rodents starts close to dusk irrespective of photoperiod (Pittendrigh and Daan 1976) .
In general, changes in duration of elevated melatonin levels with night length are not necessary for its function in photoperiodism. In the lizard Anolis carolinensis, photoperiodic reproductive responses correlate with the timing of melatonin maximum, and not with the duration of nocturnal melatonin secretion (Hyde and Underwood 1993) . We propose that the time of melatonin maximum relative to the beginning of darkness might convey photoperiodic information in C. rubrum.
Melatonin was also proposed as protecting plants against free radicals (Balzer and Hardeland 1996) . However, our results do not support this role in the case of C. rubrum shoots. First, the melatonin content found in C. rubrum was very low. Second, free radicals in plants are predominantly formed upon illumination, while a melatonin level was low during the light hours. It could be argued that melatonin synthesis is high during the day and its levels remain low due to rapid depletion by radicals. But the decline of melatonin levels starts several hours before dawn and cannot therefore be caused by this mechanism.
